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Abstract 
The blast furnace slag is rich in high-temperature waste heat, however, most of the slag sensible heat is wasted in the 
current “wet granulation” method. Dry granulation method based on rotary disk atomizer has received growing 
attention. However, the waste heat recovery efficiency of this method is mainly determined by the slag particle size. 
In this paper, a simple model is proposed to characterize the ligament mode disintegration of liquid slag film at the 
rotary disk rim. The results indicated that the ligament number increases with increasing rotational speed, slag density 
and slag tapping rate but decreases with increasing viscosity and surface tension. The Sauter mean diameter of the 
droplet increases with increasing viscosity and surface tension but decreases with increasing rotational speed and slag 
density. Compared with density and rotational speed, increasing of viscosity, surface tension and slag tapping rate 
results in slight increases of the Sauter mean diameters. The results in this paper can be applicable for characterizing 
the dry granulation of slag by rotary disk in the waste heat recovery process of molten slag in a wide range of 
operation condition.  
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1. Introduction 
The steel industry is one of the most energy intensive industries. Nowadays, under the context of the 
utmost concern for energy saving and emission reduction, recovery of the waste heat in the steel industry 
has attracted growing attention [1, 2].  
The blast furnace (BF) slags carry a substantial amount of high quality thermal energy since the 
tapping temperature is up to 1450-1550 oC, which alone constitutes 28% of the high-temperature waste 
heat in iron and steel plant [1, 2]. However, “wet granulation”, utilizing vast amounts of water to quench 
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Nomenclature 
R            radius of disk                                                              v            velocity of liquid slag 
λ             spacing of ligament                                                    ω            rotational speed of disk 
L*           length of ligament                                                      d            diameter of droplet 
ρ            density of slag                                                             σ            surface tension of slag 
μ            viscosity of slag                                                          Q           volume flow rate of slag 
m           mass flow rate of slag 
the BF slag for high cooling rate and producing granules with high glass phase for cement manufacture, is 
widely used for the treatment of BF slag in the iron and steel plant, most of the sensible heat is wasted. 
Utilizing dry granulation method based on rotary cup [3-6] or rotary disk [7-11] atomizer, the waste 
heat of slag can be recovered in packed or fluidized beds. For such atomizers, the mechanism of 
atomization may be direct drop, ligament or film formation mode [5, 6, 12]. In the ligament formation 
mode, the droplets are formed by disintegration of unstable liquid ligaments drawn out from the disk rim 
and a narrow range of droplet sizes is produced. Eisenklam [13], Frost [14], Pan et al. [10], Liu et al. [5, 6] 
analyzed the ligament disintegration mode and presented some criteria for the prediction of drop size. 
In this paper, the ligament number and diameter and droplet size have been analyzed theoretically. 
Meanwhile, a three-dimensional CFD model has been developed to simulate the formation and 
disintegration into droplets of ligament. The effect of operation parameters and slag physical properties 
on the ligament number and diameter and droplet size has been investigated. 
2. Atomization model 
The stream of ligament actually observed is close to the involute of a circle, as shown in Fig. 1 (b). 
With some simplification to Weber’ theory [15], we can obtain: 
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Fig. 1 (a) A typical static image from high speed video recording of the slag granulation by a rotary disk in the dry slag granulation 
[10]; (b) Schematic of the ligament formation mode at the rotary disk rim. 
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The diameter of the ligament, dL is obtained from the volume flow rate balance: 
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Since increasing of slag tapping rate has no effect on the ligament number KL in the fully developed 
ligament formation mode [14], thus we consider that the spacing of ligament λ is expressed as: 
( , , , , )f RO Z U P V                                                                                                                       (3) 
By means of dimensional analysis, Eqn. (3) can be transformed into the following dimensionless form: 
2 2 3
b c( ) ( )R RaR
UZ UZO
P V                                                                                                             (4) 
The drop diameter is approximately by using the Weber’ theory [15] as: 
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3. CFD simulation 
The atomization of molten slag by rotary disk is modelled based on VOF method. The SST (Shear-
stress transport) k-ω turbulence model is applied in this paper [10]. The computational domain, mesh and 
boundary condition is illustrated in Fig. 2. The film thickness of the liquid slag is calculated from the 
relation in Ref. [16]. 
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Fig. 2 (a) Computational domain and boundary condition; (b) Schematic of mesh. 
4. Results and discussion 
Fig. 3 (a) illustrates the sample of droplet for size distribution analysis from the simulation results and 
the results are given in Fig. 3 (b). As shown in Fig. 3 (b), under the given operating condition, a narrow 
range of droplet sizes is produced. A maximum weight fraction (WF) of the droplets falls between 0.625 
and 0.7 mm size range, the Sauter mean diameter (D32) is about 0.65 mm.  
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Fig. 3 (a) Sample of droplets for size distribution analysis; (b) Predicted droplet size distributions. 
1.1. Ligament number 
By performing multiple linear regression analysis, the ligament number can be expressed as Eqn. (6). 
Eqn. (6) indicates that the ligament number increases with increasing rotational speed, slag density and 
slag tapping rate but decreases with increasing viscosity and surface tension. The equation shows good 
performance with the existing experimental data [12]. The viscosity shows limited influence on the 
ligament number when the viscosity is greater than 0.5 Pa.s in the operation condition in this paper. 
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1.2. Ligament diameter 
From the simulation results the following expression is obtained: 
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1.3. Droplet size 
The influences of molten slag properties and operation conditions on the Sauter mean diameter (D32) 
of droplet have been analyzed based on the present CFD model. As shown in Fig. 4, the simulation results 
are in agree with Frost’s experimental data [14], the maximum deviation is approximate 12%. The Sauter 
mean diameter of the droplet increases with increasing viscosity and surface tension but decreases with 
increasing rotational speed and slag density. However, Fig. 4 further indicated that the increases of 
viscosity, surface tension and slag tapping rate are found to cause slight increases of the Sauter mean 
diameter. For a disk diameter of 0.05 m, the Sauter mean diameters increase from 0.623 to 0.712 mm, 
from 0.534 to 0.701 mm and from 0.524 to 0.684 mm with increasing viscosity from 0.125 to 0.75 Pa.s, 
surface tension from 0.3 to 0.84 N/m and slag tapping rate from 1.2 to 2.8 kg/min, respectively. However, 
with increasing rotational speed from 1600 to 6400 RPM  and density from 1470 to 4080 kg/m3, the 
Sauter mean diameters decrease from 0.784 to 0.233 mm and from 0.826 to 0.488 mm. When the 
rotational speed is up to 2800 RPM in this paper, increasing of rotational speed results in a slight decrease 
of the Sauter mean diameter. 
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Fig. 4 D32 of droplet with slag properties and operation conditions: (a) Viscosity; (b) Surface tension; (c) Density; (d) Rotational 
speed; (e) Slag tapping rate. 
5. Conclusion 
In the waste heat recovery process of molten slag by dry granulation method based on rotary disk 
atomizer, the waste heat recovery efficiency is mainly determined by the slag particle size. In this paper, a 
simple model to characterize the ligament formation at the disk rim, the disintegration of the ligament into 
droplets is proposed. The formation and disintegration of ligament has been modelled using CFD method. 
The results indicated that the ligament number increases with increasing rotational speed, slag density and 
slag tapping rate but decreases with increasing viscosity and surface tension. The diameter of liquid 
droplet is mainly determined by the diameter of tail end of ligament. The Sauter mean diameter of the 
droplet increases with increasing viscosity and surface tension but decreases with increasing rotational 
speed and slag density. Compared with density and rotational speed, increasing of viscosity, surface 
tension and slag tapping rate results in slight increases of the Sauter mean diameters. The equation of 
ligament number and diameter that are derived theoretically can be applicable for the dry granulation of 
slag by rotary disk in the waste heat recovery process of molten slag in a wide range of operation 
condition, i.e. 2000<We<28000. In this paper, some useful conclusions are obtained as a reference for the 
waste heat recovery process of molten slag by dry granulation method based on rotary disk atomizer. 
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